Introduction
============

Obesity is a significant health risk in the US. More than one-third of the US population is affected according to the Centers for Disease Control and Prevention.[@b1-mder-9-291]--[@b4-mder-9-291] Numerous studies of class II (body mass index \[BMI\] \>35 kg/m^2^, \<40 kg/m^2^) and class III (BMI ≥40 kg/m^2^) obese patients demonstrate that nonsurgical options for weight loss, though impactful, result in less weight loss when compared to surgical management. Patients undergoing bariatric surgery have improved longevity when compared with their counterparts who have not undergone surgery.[@b5-mder-9-291]--[@b9-mder-9-291] As a consequence, the number of bariatric surgical procedures performed in the US has continued to increase annually, from 158,000 procedures in 2011 to 193,000 procedures in 2014.[@b10-mder-9-291]

Current surgical options performed in large volume in the US include laparoscopic Roux-en-Y gastric bypass (LRYGB), laparoscopic vertical sleeve gastrectomy (LVSG), and laparoscopic adjustable gastric band (LAGB) placement. Laparoscopic duodenal switch (DS)/biliopancreatic diversion is much less frequently performed. Saline-filled intragastric balloons have also recently been developed to endoscopically treat obesity. Designed to occupy space in the stomach, intragastric balloons induce satiety and reduce food intake. This paper will focus mostly on the LRYGB, LVSG, and to a lesser extent LAGB techniques. Articles were chosen for this review from PubMed searches of papers written in English from 2005 to 2015, and the papers that best reflected surgical outcomes for each procedure were selected based on the authors' experiences. For certain aspects of historical data, papers were reviewed from 2004 back through 1969.

Surgical procedures
===================

LRYGB has emerged as a durable bariatric surgical procedure since the mid-1990s,[@b11-mder-9-291] although its open counterpart had been performed for weight loss since the 1960s.[@b12-mder-9-291] The procedure of gastric bypass has been well documented and can be performed with some variability, but the current iterations of the procedure utilize a small gastric pouch with a volume of \~30 cc to restrict meal size and a Roux-en-Y jejunojejunostomy reconstruction distally for drainage of the remnant stomach and biliopancreatic limb.[@b13-mder-9-291] Approximately, 30--40 cm distal to the ligament of Treitz, the jejunum is divided. The distal cut end of the jejunum (the Roux limb) is anastomosed to the gastric pouch, and the proximal cut end of the jejunum (the biliopancreatic limb) is anastomosed 75--150 cm distal to the gastrojejunostomy ([Figure 1](#f1-mder-9-291){ref-type="fig"}). Variable alimentary (Roux) limb lengths of 75--150 cm are constructed to affect a more extensive "bypass" of proximal intestines with varying results on weight loss.[@b14-mder-9-291],[@b15-mder-9-291]

LVSG was initially introduced as part of the DS procedure in 1999.[@b16-mder-9-291] Since then, LVSG has emerged as an effective standalone surgery in which a narrow gastric conduit is created by stapling the stomach in a longitudinal fashion.[@b17-mder-9-291],[@b18-mder-9-291] The remaining stomach is excised, which is \~70% of the gastric volume ([Figure 2](#f2-mder-9-291){ref-type="fig"}). The narrowness of the newly created "sleeve" stomach imparts portion control along with a reduction in appetite which may also be hormonally induced. Percent excess weight loss (%EWL) is comparable to the Roux-en-Y gastric bypass ([Table 1](#t1-mder-9-291){ref-type="table"}). LVSG is now recognized as the most commonly performed bariatric procedure in the US, comprising 60% of all bariatric procedures.[@b19-mder-9-291] Additionally, there seems to be a trend in the country of increased numbers of sleeve gastrectomies being performed and fewer adjustable gastric bands being implanted.[@b20-mder-9-291],[@b21-mder-9-291]

When comparing LVSG and LRYGB weight loss results, the procedures are comparable. There is a tendency toward higher %EWL for LRYGB ([Table 1](#t1-mder-9-291){ref-type="table"}). Excess body weight loss ranges between 46% and 81% for patients who have received LVSG compared to 59%--94% for patients receiving LRYGB.[@b20-mder-9-291],[@b22-mder-9-291]--[@b24-mder-9-291] The complication rates for both the procedures are low ([Figure 3](#f3-mder-9-291){ref-type="fig"}). Bleeding complications range between 0% and 3.6% in patients undergoing LVSG compared with 1.5%--5% in patients undergoing LRYGB.[@b20-mder-9-291],[@b23-mder-9-291]--[@b28-mder-9-291] Leak rates range between 0% and 2.3% in patients treated with LVSG compared with 0%--1.9% in patients treated with LRYGB.[@b20-mder-9-291],[@b23-mder-9-291]--[@b27-mder-9-291] Venous thromboembolism complications including both deep venous thrombosis and pulmonary embolism rates range between 0.2% and 3.39% for patients who received LVSG compared to 0.2%--0.7% in patients who received LRYGB.[@b20-mder-9-291],[@b25-mder-9-291]--[@b28-mder-9-291] Obstruction, including stenosis or small bowel obstruction, occurred in 0%--1.3% of LVSG patients and 0%--3.4% of LRYGB patients.[@b23-mder-9-291]--[@b27-mder-9-291] Mortality is rare for both operative procedures, ranging from 0% to 0.2% in patients who received an LVSG and 0%--0.4% in patients who received an LRYGB.[@b20-mder-9-291],[@b24-mder-9-291],[@b27-mder-9-291],[@b28-mder-9-291]

The laparoscopic DS procedure is similar to a gastric bypass, except that the intestinal bypass portion of the procedure is more extensive -- rather than a bypass limb of 75--150 cm. Most of the small intestine is bypassed so that the common channel distal to the biliopancreatic to alimentary limb anastomosis is 50--100 cm long ([Figure 4](#f4-mder-9-291){ref-type="fig"}). Due to the steeper learning curve of the procedure and potentially higher risk of surgical complications and nutritional deficiencies, this procedure is performed less frequently than the LRYGB or LVSG techniques.

LAGBs have been established as a surgical method to help with weight loss since early 2000s in the US. As a percentage of surgical volume, LAGB has been performed with decreased frequency. In the procedure, a silastic-based band with a balloon along its circumference is placed on the stomach close to the gastroesophageal junction with the idea of forming a new, smaller gastric pouch to restrict meal size ([Figure 5](#f5-mder-9-291){ref-type="fig"}). However, surgeons in the US have moved away from gastric band placement due to widespread patient intolerance, less effective or slower weight loss, and a high rate of complications over long term.[@b29-mder-9-291] Recent large cohort studies with long-term follow-up have shown that initial good results with the gastric band are short lived: mean %EWL at 5 years range between 49% and 66.1% but drop to 41%--51.6% and lower after 9--10 years and 21% after 15 years.[@b29-mder-9-291],[@b30-mder-9-291] Of the gastric band patients, 67%--78.5% of patients underwent a reoperation, most commonly for weight regain, port malfunction, and band slippage or erosion.[@b29-mder-9-291],[@b30-mder-9-291] In these studies, after follow-up periods of 13--15 years, 72.7%--77% of all bands were permanently explanted.[@b29-mder-9-291],[@b30-mder-9-291]

With the decline in popularity of the gastric band, LRYGB and LVSG have become the predominant operations for the treatment of obesity in the last 5 years.[@b21-mder-9-291] However, only 1%--3% of the patients who qualify for bariatric surgery choose to undergo these operations. Many factors contribute to the limited adoption of bariatric surgery. One such factor is the relatively small number of choices available to patients with severe obesity and the perceived invasive nature of these operations. As a result, there has been a significant increase in potential alternative options, including intragastric balloons and the Maestro Rechargeable System (vagal blocking for obesity control \[VBLOC\] device) (EnteroMedics Inc., St Paul, MN, USA).

Intragastric balloons
=====================

Intragastric balloons are a newly developed endoscopic therapy for weight loss. The balloons are endoscopically placed into the stomach and filled with saline, intending to occupy space in the stomach to induce satiety and decrease food intake ([Figure 6](#f6-mder-9-291){ref-type="fig"}). Studies have shown the balloons to induce %EWL of 25%--40%.[@b31-mder-9-291] Side effects and complications include nausea, vomiting, abdominal pain, ulcer development, balloon deflation, and device migration. There are currently few long-term studies on the efficacy and safety of the intragastric balloons.

The implantable weight loss device: the Maestro Rechargeable System
===================================================================

The primary focus of this paper, the VBLOC device, utilizes the vagus nerve as the target of treatment. Instead of performing a permanent truncal vagotomy, the goal was to intermittently interrupt transmission of the vagus nerve, theoretically leading to less physiologic adaptation and therefore a more permanent effect.[@b32-mder-9-291] This has led to the development of the Maestro Rechargeable System (VBLOC device) which was approved by the US Food and Drug Administration (FDA) in 2015 ([Figure 7](#f7-mder-9-291){ref-type="fig"}). VBLOC is the first weight loss device approved by the FDA since the laparoscopic gastric band in 2001.

Until recently, the vagus nerve has not been widely incorporated as part of the treatment for obesity. One of the earliest reports studying vagotomy for weight loss in animals was printed in 1964, evaluating the effect of vagotomy and pyloroplasty on weight loss in dogs.[@b33-mder-9-291] A small case series first describing the utilization of vagotomy in humans for the treatment of obesity was published in late 1979.[@b34-mder-9-291] Truncal vagotomy was performed on 13 patients with a mean starting weight of 123 kg, as a treatment for morbid obesity. Weight decreases of 20--30 kg (range 2--64 kg) were observed during follow-up periods ranging from 4 to 24 months.[@b34-mder-9-291] Since then, there have been a small number of studies showing reduced calorie consumption and enhanced weight loss results after truncal vagotomy, most likely secondary to reduced liquid calorie intake.[@b35-mder-9-291],[@b36-mder-9-291] However, with the rapid growth of laparoscopic gastric bypass and laparoscopic gastric band in the 1990s and early 2000s and reports of less durable weight loss results with truncal vagotomy (%EWL less than 25% and maintenance of weight loss less than 5 years),[@b37-mder-9-291] the interest in the vagus nerve waned.

The basis for the therapeutic effect of the VBLOC is best understood in the context of the vagus nerve physiology. The vagus nerves are the autonomic link between the brain and the digestive tract. Only 10%--20% of the vagus nerve is composed of efferent fibers that control gastric acid secretion, digestive enzyme secretion, and gastric motility. The remaining 80%--90% of the vagus nerve consists of afferent fibers that send signals regulating satiety and satiation. By sending intermittent high-frequency electrical energy to a cuff around the vagus nerves, there is interruption of vagal nerve signaling which leads to a delay in gastric emptying and therefore early satiety and reduced hunger.[@b38-mder-9-291] Theoretically, the intermittent nature of therapy is less likely to allow the patient to accommodate to the treatment as is seen with the truncal vagotomy.

The Maestro Rechargeable System consists of two electrodes connected to the anterior and posterior vagus nerves. The electrodes are connected to a rechargeable pulse generator which delivers 5,000 Hz to each nerve. This leads to complete and reversible nerve block by interrupting the compound action potential.[@b38-mder-9-291] It has been demonstrated that this blocking therapy significantly downregulates pancreatic exocrine secretion and gastric contractility.[@b39-mder-9-291] In addition, in a porcine model it was shown that vagus nerve function and histology were not damaged by the intermittent delivery of 5,000 Hz.[@b35-mder-9-291] In early human studies, VBLOC therapy led to early fullness and reduced caloric intake without changing dietary composition.[@b40-mder-9-291] This was a promising finding especially for patients who do not desire the drastic dietary changes that are associated with traditional bariatric surgery.

Implantation of the VBLOC consists of a 60-minute laparoscopic operation with 4--5 small incisions. The anterior and posterior vagus nerves are identified on the intra-abdominal distal esophagus. One electrode is placed on the anterior nerve and another electrode is placed on the posterior nerve. The neuroregulator is then connected to the electrodes and placed in a subcutaneous pocket on the left lower chest wall. After the device is remotely activated, it can be noninvasively modified in two different ways by the health care professional. The number of hours that the device is active can be adjusted and the amplitude delivered to the electrodes can be changed in order to provide optimal therapy. In addition, the device can be deactivated, reactivated, or completely removed without alteration of normal anatomy and physiology.

FDA approval of the Maestro Rechargeable System was achieved after demonstration of safety and efficacy from two major clinical trials, the EMPOWER and the ReCharge trials.[@b41-mder-9-291],[@b42-mder-9-291] The EMPOWER trial was a prospective, randomized, controlled trial, in which the Maestro Rechargeable System was implanted into 294 patients. Patients were between 18 and 65 years old with a BMI between 35 and 45 kg/m^2^. These patients were then randomized into the control group, where the device was not activated, or the treatment group, where the device was activated. The activated devices were set to biphasic pulses at a frequency of 5,000 Hz and an amplitude of 3--8 mA, used to block vagal neural impulses with 5-minute on and off cycles -- 5 minutes on and 5 minutes off. The control group devices, however, also received impulses, albeit much smaller, with intermittent 1,000 Hz and 3 mA and continued up to 40 Hz and 1 mA during the duration of the "on" cycle. This was to ensure good working order and safety of the device. This study showed that the longer the device was on, the greater was the amount of weight the patients lost. However, the EMPOWER study did not demonstrate any difference in the two groups in %EWL.[@b41-mder-9-291] It was hypothesized that this may have been due to the control group devices being set to also send out electrical impulses, possibly unintentionally blocking the vagal trunks as well. This led to the development of the ReCharge trial.[@b42-mder-9-291]

The ReCharge trial was also a prospective, randomized, controlled trial.[@b42-mder-9-291] Patients were between 18 and 65 years of age with a BMI between 35 and 45 kg/m^2^. A total of 239 patients were randomized in a 2:1 ratio of VBLOC to sham control. The VBLOC device was implanted into the treatment group as described previously in this article. The sham control group patients had the subcutaneous neuroregulator implanted without any connected electrodes. The sham operation consisted of the same number of incisions as the treatment group but without peritoneal penetration. The neuroregulator of the sham group could be programmed similar to the treatment group. All devices were programmed to deliver charges for at least 12 hours a day. Mean %EWL was measured at 12 months and demonstrated 24.4% for the VBLOC group and 15.9% for the sham group ([Figure 8](#f8-mder-9-291){ref-type="fig"}). Although this was a statistically significant difference (*P*=0.002), it did not reach the study's goal of showing a superiority margin of 10% EWL. In regard to safety, VBLOC therapy demonstrated a 3.7% primary serious adverse event which was well under the 15% threshold set by the FDA.[@b42-mder-9-291]

The Maestro Rechargeable System is the first weight loss device that has been approved by the FDA for weight loss (2015) since the laparoscopic gastric band in 2001. Initial studies show that although the VBLOC device is not as effective for weight loss as the LVSG or LRYGB, it appears to be a viable option for weight loss in obese patients desiring a "less invasive" procedure for weight loss, or who would not be able to tolerate a more invasive procedure ([Table 2](#t2-mder-9-291){ref-type="table"}). Selection of the correct patient for the VBLOC device depends on patient preference, and surgical and medical risks. Thus, choosing between these therapies will not be an easy task and will require a well thought out plan between the patient and the physician.

The future of this device looks very promising as it appears to affect one of the several feedback gastrointestinal loops that regulate weight. Weight loss is complex with multiple systems trying to prevent weight loss or produce weight regain after it is lost.[@b45-mder-9-291] Thus, it is conceivable that in the future this device may be used with other modalities such as medications or even other surgical procedures to enhance its efficacy. Well-designed studies are needed to determine the best usage of this device.
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![Roux-en-Y gastric bypass.\
**Note:** Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2016.[@b46-mder-9-291] All Rights Reserved.](mder-9-291Fig1){#f1-mder-9-291}

![Sleeve gastrectomy.\
**Note:** Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2016.[@b46-mder-9-291] All Rights Reserved.](mder-9-291Fig2){#f2-mder-9-291}

![Thirty-day complication rates.\
**Notes:** Reprinted from *Am J Surg*, 208/6, Zellmer J, Mathiason M, Kallies K, Kothari S, Is laparoscopic sleeve gastrectomy a lower risk bariatric procedure compared with laparoscopic Roux-en-Y gastric bypass? A meta-analysis, 903--910, Copyright (2014), with permission from Elsevier.[@b27-mder-9-291]\
**Abbreviations:** DVT, deep vein thrombosis; PE, pulmonary embolism; LRYGB, laparoscopic Roux-en-Y gastric bypass; LSG, laparoscopic sleeve gastrectomy.](mder-9-291Fig3){#f3-mder-9-291}

![Duodenal switch (biliopancreatic diversion) procedure.\
**Notes:** Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2016.[@b46-mder-9-291] All Rights Reserved. Green arrows illustrate flow of bile and pancreatic fluid through the new anatomy.](mder-9-291Fig4){#f4-mder-9-291}

![Adjustable gastric band.\
**Note:** Reproduced from [www.fda.gov](http://www.fda.gov) \[homepage on the Internet\]. Maryland: Food and Drug Administration \[updated August 5, 2015\]. Available from: <http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/ObesityDevices/ucm350134.htm>. Accessed April 12, 2016.[@b47-mder-9-291]](mder-9-291Fig5){#f5-mder-9-291}

![Intragastric balloon.\
**Notes:** ORBERA™ (Apollo Endosurgery, Inc., ORBERA Intragastric Balloon System, Austin, TX, USA). Reproduced from [www.fda.gov](http://www.fda.gov) \[homepage on the Internet\]. Maryland: Food and Drug Administration \[updated August 5, 2015\]. Available from: <http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/ObesityDevices/ucm350134.htm>. Accessed April 12, 2016.[@b47-mder-9-291]](mder-9-291Fig6){#f6-mder-9-291}

![Maestro Rechargeable System (VBLOC device).\
**Note:** Reproduced from [www.fda.gov](http://www.fda.gov) \[homepage on the Internet\]. Maryland: Food and Drug Administration \[updated August 5, 2015\]. Available from: <http://www.fda.gov/MedicalDevices/ProductsandMedicalProcedures/ObesityDevices/ucm350134.htm>. Accessed April 12, 2016.[@b47-mder-9-291]\
**Abbreviation:** VBLOC, vagal blocking for obesity control.](mder-9-291Fig7){#f7-mder-9-291}

![Comparison of weight loss between patients with implanted VBLOC device and patients who underwent a sham procedure.\
**Notes:** Error bars indicate 95% CIs. Reproduced with permission from *JAMA*. 2014;12(9):915--922.[@b42-mder-9-291] Copyright © (2014), by American Medical Association. All rights reserved.\
**Abbreviations:** VBLOC, vagal blocking for obesity control; CI, confidence interval; BMI, body mass index.](mder-9-291Fig8){#f8-mder-9-291}

###### 

Weight loss outcomes after LSG and comparator procedures

  References                               Follow-up                                                Procedure                                               Preoperative BMI (kg/m^2^)                                                                            Postoperative BMI (kg/m^2^)                               Weight loss at follow-up
  ---------------------------------------- -------------------------------------------------------- ------------------------------------------------------- ----------------------------------------------------------------------------------------------------- --------------------------------------------------------- -----------------------------------------------------------------------------------------------------------
  Peterli et al, 2012[@b53-mder-9-291]     1 year                                                   LSG                                                     44.7±5.3                                                                                              32.0±5.5                                                  65.6±21.2%[\*](#tfn2-mder-9-291){ref-type="table-fn"}
  LGB                                      47.6±6.8                                                 31.1±7.5                                                77.0±24.7%[\*](#tfn2-mder-9-291){ref-type="table-fn"}                                                                                                           
  Lee et al, 2011[@b52-mder-9-291]         1 year                                                   LSG                                                     NR                                                                                                    24.4±2.4                                                  76.3±38.9%
  LGB                                                                                               22.8±2.2                                                94.4±33.1%                                                                                                                                                      
  Kehagias et al, 2011[@b49-mder-9-291]    3 year                                                   LSG                                                     44.9±3.4                                                                                              29.6±4.1                                                  68.5%
  LGB                                      45.8±3.7                                                 31.3±3.9                                                62.1%                                                                                                                                                           
  Lakdawala et al, 2011[@b50-mder-9-291]   6 month                                                  LSG                                                     43 (34--59)                                                                                           NR                                                        49±17.9%
  SILSG                                    41 (32--58)                                                                                                      51.7±19.9%                                                                                                                                                      
  Schauer et al, 2012[@b6-mder-9-291]      1 year                                                   LSG                                                     36.1±3.9                                                                                              27.2±3.5                                                  81(IQR 65--97)%[\#](#tfn3-mder-9-291){ref-type="table-fn"}
  LGB                                      37.0±3.3                                                 26.8±3.2                                                88 (IQR 72--101)%[\#](#tfn3-mder-9-291){ref-type="table-fn"}                                                                                                    
  Langer et al, 2005[@b51-mder-9-291]      6 month                                                  LSG                                                     48.3±5.7                                                                                              NR                                                        61.4±16.3%
  SILSG                                    46.7±3.5                                                                                                         28.7±10.6%                                                                                                                                                      
  Himpens et al, 2006[@b48-mder-9-291]     3 year                                                   LSG                                                     39 (30--53)[\#](#tfn3-mder-9-291){ref-type="table-fn"}                                                27.5 (0--48)[\#](#tfn3-mder-9-291){ref-type="table-fn"}   66%(--3.1 to +152.4)[\#](#tfn3-mder-9-291){ref-type="table-fn"}[‡](#tfn4-mder-9-291){ref-type="table-fn"}
  LAGB                                     37 (30--47)[\#](#tfn3-mder-9-291){ref-type="table-fn"}   18 (0--39)[\#](#tfn3-mder-9-291){ref-type="table-fn"}   48% (0--124.8)[\#](#tfn3-mder-9-291){ref-type="table-fn"}[‡](#tfn4-mder-9-291){ref-type="table-fn"}                                                             

**Notes:** Reprinted from *Surg Obes Relat Dis*, 9/5, Trastulli S, Desiderio J, Guarino S, et al, Laparoscopic sleeve gastrectomy compared with other bariatric surgical procedures: a systematic review of randomized trials, 816--830, Copyright © (2013), with permission from Elsevier.[@b24-mder-9-291] Data were shown as the mean ± standard deviation, if not otherwise specified; data on weight loss at the time of follow-up were presented as %EWL, if not otherwise specified. Himpens et al reported the data on postoperative BMI in the form of median BMI decrease.

%EBMIL, Percentage of excess body mass index loss;

Median (range);

Percent of excess weight loss using the Metropolitan Tables.

**Abbreviations:** BMI, body mass index; %EWL, percentage of excess weight loss; IQR, interquartile range; LAGB, laparoscopic adjustable gastric banding; LGB, laparoscopic gastric bypass; LSG, laparoscopic sleeve gastrectomy; NR, not reported; SILSG, single-incision laparoscopic sleeve gastrectomy.

###### 

Comparison of effectiveness between surgical weight loss management and intragastric balloon vs Maestro Rechargeable System

  Study                                                                      Procedure              Mean %EWL at 1 year
  -------------------------------------------------------------------------- ---------------------- ---------------------
  Ponce et al[@b31-mder-9-291],[\*](#tfn6-mder-9-291){ref-type="table-fn"}   Intragastric balloon   27.9
  Ikramuddin et al[@b42-mder-9-291]                                          VBLOC                  24.4
  Weichman et al[@b44-mder-9-291]                                            LAGB                   37.6
  Coleman et al[@b22-mder-9-291]                                             LVSG                   56
  Higa et al[@b43-mder-9-291]                                                LRYGB                  67.8

**Notes:**

Intragastric balloon: the REDUCE pivotal trial. The control group had a sham endoscopy plus diet and exercise alone, and the active group had the intragastric balloon placed for 24 weeks, then the balloon was removed and these patients also underwent diet and exercise for 24 weeks.

**Abbreviations:** %EWL, percent excess weight loss; VBLOC, vagal blocking for obesity control; LAGB, laparoscopic adjustable gastric band; LVSG, laparoscopic vertical sleeve gastrectomy; LRYGB, laparoscopic Roux-en-Y gastric bypass.
